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THO-STAGE SUPERCHARélNG,

By Richard S. Buék

[ ST v

T SUMMARY -

The arrangement of the parts-and the installation and
control problems of two-stage mechanlcally driven super-—
chargers for aircraft engines are discussed. Unless an
entirely new form of. supercharger is. developed there willl
be a definite need for a two-stasge:centrifugal supercharg-
er. ‘It is shown that the two-stage mechanically driven
supercharger itself is a comgaratively gsimple. device; thse
complications arise from tha addition of intercoolers and
controls. : : Sl . : . ,

INTRODUGTION ' .

-

Flight =at higner altitudes has become a dsfinite
trend. The pressurized cabin for transport airplanes has
removed the limit "onm 'altitude that results from the dis—
comfort” of thé passengers; military airplanes are being
forced t6 ‘go ever highér %o maintain alr supremacy. In
aircrafit-engine design modern fuels permit the use of in-
creased power by increased rotational speed and super-
charger boost. The more the engine is boosted to make 1ts
rated power, the lower WwWill be the critical altitude of
the supercharger, The ecombination of higher altitudes and
‘"more boost means that the supercharger will be called on
to do much more wofk ‘then in present day des1gn.

_ Because go “few fundamental facts are known about the
cOmpressor, the future llmitatlon of & single~stage com-
presgor .cannot be’ predicted. -It is a known fact that

'_there is a mar¥ed tendency for:the compressor sfficlency

to fall off at: tip speeds grédter than 1300 feet per
second, The approximaie l1imi%t of current supercharger
performance when running at tip speeds of 1300 feet per
second iIs shown by the d1owsir curve of:' figure 1 in which
the maximum attainable altitudes are- plotted against
manifola pressures,- ‘Manifold pressureés grealber :than 50
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inches of mercury are allowed on some of the present ailr-
craft engines for take~off and short .periods. The curve
indicates that an altitude less than'li'OOO feet is all
that can be attained with a single-stage supercharger
under these conditions. -

When higher altitudes are desired, another stage of
supercharging must be added in serles with the first stage;
the resulting combinsation is a two~stage supercharger,
With each impeller operating at an tip speed of 1300 feet
per second, the two-stage supercharger can deliver the
performance shown by the upper ,curve of figure l. The
altitude limit is raised from 14 000 :to 32,000 feet at a
manifold pressure of 50 inches of mercury. The values
shown on both curves are based on certain arbitrary as-
sumptions. that are open to some controversy because im-
provements in supercharger performance are continually
being made. A much greater increase in efficiency than
is believed possible at the present time would, neverthe-
less, be required to Increase materially the altitude
limitations of the centrifugal .supsrcharger.

IWO0-~STAGE SUPERCHARGERS

Many factors have to Dbe considered in the choice be-
‘tween single-stage and two-stage superchargers. Engine
power is controlled by the manifold denplty rather than
the manifold pressure so that ‘elther power or critical
altitude can be increased with either single-stage or two-
stage arrangements by the addition of intercoolers. In-
tercoolers increase the drug and the welght and multiply
the installation problems; but ., 1f” installed betwoeen
stages, intercooclers =mlsc ‘dsorease the power. required “to
drive the second stage of the two-stago supercharger.
There is no definite altitude adove which the two—stage
supercharger must bg used for best airplane.performance
and, for a range of about 3000 ‘fest altitude sbove or bhe-
low the limits of a singlewstage supercharger, -the cholce
is a very difficult one. If maximum airplane performance
is demanded above this altitude renge,’ however, a multi-
stage supercharger ‘maust be weed,’

The first stage of a’ two—stage supercharger may be
driven either. by en exhaust turbine or mechanically by the
engine through gearing,’ Most of the’ problems relating to
the superchargers themselves are the same for both types
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and the relative merits of the type of drive will not be
digcussed. Both types take:r snergy from-'the engine and
any comparison should be based on:which type utilizes
this energy more efficiently in propelling the airplans.
The final comparlson is complicated by the fact that the
turbine~driven supercharger takes little power from the
engine and the mechanically driven supercharger leaves
more energy in the sxhaust for Jjet propulsion.

General Classificatilons

Two—-stage superchargers can be built in many ways;
to enumerate all the possible combinations of air passage,
drive, and control would be very confusing. Any super-
charger can, 1ln general, be desceribed by reference to the
following factors: o ST T T

(1) The path of the compressed air

(2) The method of driving the impellers or control-
ling their speed

(3) The method of controlling indunction—air pressure
and temperature.

The most common arrangements of two-stage supercharg-
ers will be described with reference to the foregoing
three factors.

Arrangement of Air Passage

The alr passagés in a supercharger are part cf the
engine induction system and the terms "air passage® and
"Tinduction system" may be used interchangeadbly. The in-
duction system may contain air or a mixture of air and
fuel and may be called either the "mixture! or the
"charge." The engine air is drawn into the induction-
system and becomes the mizxture or thse Chargewafter the
fuel is injected into it.. In the following paragraphs,
however, either the mixture or only the air will be termed
"engine air" to simplify the description of the various
supercharger arrangements.

One of the simplest forms of two-stage superchargers
1s the conventional type shown in figure 2. The zir enters
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--the first stage, 1 compressed by the impeller, and 1its
energy is partly transformed from kinetlc to pressure
energy in the diffuser,. The air has to flow over a l1lip
before entering the second-stage impeller and, because of

" this action, the term "cascade!! has been suggested for
this type of supercharger. The air passage from the first-
stage diffuser to the entrance of the second-stage impel-
ler is sometimes made a. continuation of the first—~stage
diffuser.

The engine air leaving the second-stage supercharger
discharges either into a collector chamber or into scrolls,
depending upon the type of engine employed. Radial en-
gines require collectors because intake pipes are used
for each one or two cylinders. Scrolls may be used where
discharge is into manifolds in which the flow 1s compara-
tively steady. The fuel may be introduced by & carburetor
located either at the .entrance to the first stage imn the
gsame manner as with a single-stage supercharger or be-
tween the second-stage discharge and the engine cylinders.
There ‘is insufficient room for tane intercoolers betwsen
the two stages, but intercoolers may be located between
the second~stage discharge and the cylinders. In this
type of installation the fuel is normally injected into
the engine air after the intercoolers in order to avold
passging the fuel through the intercoolers,

In two-stage superchargerg deslgned for radial air-
craft engines it 1s generally dinconvenient to rrovide
intercooling between the second~stage supercharger and
the cylinder intakes. Intercoolers are therefore in-
stalled between the first and the second stages. Less
heat is removed from the engine air by intercooclers in-
stalled in this location than when they are installed
after the second stage because the temperature dlfference
between the cooling air and ths engine air is less. This
shortcoming is partly redecemed by the fact that the power
required to compress & given amount of ailr is proportion-
al to its absolute temperature; cooling the air ahead of
the second-stagze supercharger therefore reduces the porwer
required by this supercharger. If weight were of no im-
portance, the highest aengine power womnld be obtained Dby
installing interccolers in both places, that 1s, between
the first and the second stage and after tne second stage,
Such an arrangement is considered lmpracticable at the
present time because of the weight and the installation
problems involved. _ :
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Figure 3 is a diagram of a supercharger wlth separat-
ed stages which, is the type usually used on radial engines.
In the cascade type, previously described, the air leaving
the first stage discharges directly into the secopnd stage,
whereas with the separated type the first stage discharges
into & duct permitting the use of intercoolers between the
two stages. The impellers may be placed front to front,
an arrangement that, as shown by the dilagram, permits a
somewhat more compact arrengement of inlet passages than
the cascade type and saves some over—all length. The
first stage.of this supercharger is sometimes caslled the
auxiliary stage because it may operate independently of
the second stage, which Is adjacent to the engine. Air
leaving the auxiliary stage 1s led through ducts to the
intercooler. When it leaves thé intercooler the air is
conducted to the carburetor, which controls the injection
of fuel and is usually located Just ahead of the second-
stage supercharger.

The pecond-stage superchargér is sometimes called
the main stage because it may function alone in the same
manner as the supercharger of a- single—stage engine.
Either one or two intercooclers may be used, depending
upon the number of outlet connections from the suxiliary-~
stage supercharger, If two intercoolers are used, the
air from each intercpoler can be merged just ahead of the
carburetor,

The arrangement of air paesagés may be the same with
the exhaust turbipe~driven supercharger-as with the aux-
iliary supercharger just described. THé chief differencs
between the two types is in location,: the exhaust—-driven
impeller’ usually being located with the axis of ite shaft
at right angles to that of -the englne.' .

With the separated superchargér arrangement it may
be desirable to shut off the first stage during low-
altitude operation.. It is then ndcessary to take the
engine air from between the two stages through inwardly
opening suction. valves as shown in figure 3 bécause, wilth
an impeller at rest or turning slowly, consideradble air-
pressure lose will occur when the guantity of air neces-
sary for normal power is. taken through the’ 1mpe11er and
the diffuser passages. These 'suction valves will open at
any time that the atmospheric pressure exceeds the pres- -
sure inside the engine-atir passages, and this condifion
will usually occur when the first-stage supercharger is
turned off or throttled. TUnder these conditions the
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engine operates as though it had only e single-stage super-
charger., 'These suction valves algo act as relief valves

to prevent the interstage ducts from collapsing when the
firgt-stage valves are closed.i

Metnod of Drive

The two supercharger impellers may both Pe mounted
on the.same shaft -or sach may be mdunted on a separate
shaft. -In either-case;. the impellers must be driven at
speeds between 6 and-1l2 times: the crankshaft speed., Thisg
high speed is usuvally obtained through stop-up gearing
from the crankshaft, ‘and élutches may be used to vary the
speed ms desired.  Figure 4(a) shows two impellers mounted
on the same shaft and driven by gearing from the end of
‘the crankshaft. PFigure 4(b) showe a diagram of an ar-
ramgement whereby the impellers are mounted on séparate.
shafts, each driven by its own gearing. The first-stage
impeller is drivemithrough-'clutches that provide two
speeds and .a .nsutrdl “position.’ The purposse of this ar- P
rangamant is:t%o Teduce the power reguired to drive this
first-stage supercharger when 1t is not needed. The
second-stage impeller is driven from the crankshaft
through fixed-ratio gears. With the first stage in neu-
tral, engine air is obtained throuzgh the suction valves
located between the two stages, as previously mentioned.

The ideal form of supetrcharger drive is one permit-
ting am infiinitely variable speed without the necess ity
for sudden -shifte from-one speed to the next. With this
drive, the ‘lmpeller turns only fasi enough to supply the
“alir compression fequired by the engine., There are several
definite advantages of the variable-sdgpeed drive: First,
owing to lts lower speed, it reduces the power reguired
to drive the supercharger wheh below its critical alti-~
tudei second, it ltoweres the discharge temperature for ‘the
sanme’ reason;’ and, ‘third, 1% simplifies the engins con-’
trols, as will .be described -later. It can be used to
good advantage ‘on the. single~stage, the cescdade~-type of

+two-stage, or the fiirst stage of the separated typs of

two-stage supercharger., ' The mechanical difficulties in-
volved in developing'a- successful variable-speed drive to
transmit several hundyed horsepower and still be light
enough for installation in an alrcraft engine cdn be imag-
ined. There are:reports of: this -work being donse, however,
so it 'is probable that it will become a standard installa—
tion in the nedr future.:
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The first-stage supercharger may-also be driven by
. an exhaust. turbine, which gives an- infinitely variable
.epeed as controlled by the position of. the exhaust waste
gate. Proposals have been made for positively controlling
the speed of the:exhaust-driven supercharger by gearing
it to the engine but, as far as is -known, no such instal-
lation has éve; been made on.an . aircraft: engins.

. k3
o o L Y

fndﬁétion;Air Control-

The pilot can change the power of an aircraft engine
either by changing the engine speed or the density of the
air in the manifold. The engine speed can be controlled
by the propeller governor and the manifold pressure can
be controlled by the throttle. The .control of the engine
speed by, means of the governor is not sulitaile for guick
changes of power .because the change in propeller pitch is
too .slow and because the complete power range from idle
to full power cannot be covered. by means of -changing the
pitch. Therefore the pllot selects the engine speed for
any type of operation and does his power changing by
means of the throttle.

Engine power is affected both by manifold pressure
and manifold temperature, and it 1s: qulie a problem %o
keep these factora at the desired values under different
flight conditions. Manifold pressures and: temperatures
mey be affected . by. the . following' supercharger speed,
atmospheric temperature,_altitude, ram, and. throttle posi-
tion. With the sxception of the throttle . positidn, it is
désiradle to control.sll of these factors automatically
because so doing relieves the burden on the pilot.- Auto-
matic control also prevents him from accidéntally opening
the throttle to such an extent that an excessively high
manifold pressure or temperature is produced, "which may
damage the engine by overpower or detonation. In order
to obtain the most economical operaticn with mosgt types
of airplane, it is desirable . to hold the engine power at
definite valvues. These values are determined by the type
of cperation desired. - -

In airplanas that dre highly.maneuverable, such as
pursuits or fighters, the power may be continually varied
over wide rangesj and, 1n these cases, it is desirable-
merely to restrict the maximum power %o some safe value.
It is therefore dbviocus that the higher the potential
supgrcharging, the more necessary it is to provide 53196
watic control. . ' ’
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There are innumerable ways of automatically control-
ling ‘the manifold pressure. Most of thése controls con-
tain bellows that are sensltive to changes in pressure.
These bellows operate a servomechanism, which in fturn
operates on a throttle valve. O0On a single—~stage super-
charger or on a two~stage supercharger of the simple cas—
cade type where the carburetor is placed ahead of the
supercharger, the automatic control may act on the throt-
tle valves located in the carburetor. In this type of
control the pilot sets the cockpit control to give a
certain desired pressure. fThe automatic control then
operates the carburetor throttles to give the pressure
selected. )

" Another method of power control is attained by in-—
stalling automatically. controlled valves ahead of the
carburstor. This system is emplnyed by the Pratt &
Whitnmey Automatic Power and Mlxture Control and may be -
uged with carburetors that have ng compensation for varla—
tions in pressure and temperature, ~The diagram of a two-
stage sUperchargser employing thle control is shown in °
figure. 5. It can be readily seen that a considerable var-
latilon in pressure and density i1s possible in the air duct
containing the between-stage suction valve. When this
valve is opened, the pressure in the duct varies with
changes in atmospheric pressure and, without the automat-
"lc conitrol valves ahead of the carburetor, this action
would upset the carburetor metering as well as change the
engine power. The contrcl unit may bYe prov1ded with a
selector valve to permit the pilot to choose the combina—
tion of pressure’ and fuel flow d931red. For take-~off, a
high pressure and..a rich mixture are desired; whereas, in
cruising, a lower pressure and a leaner mixture may be
necessary. The .carburetor mixture may be coordinated with
the selection .of . pressure by -means of fuel Jets opened and
closed with the selector Valve. - ’

The onsration 0f a two-stage supercharger equipped
with automatically. controIled thirottle ‘valves ahead of
both the flrst—stage and_ tha second-stage supercharger
will be explained by referehce %o figure 5. The firet-
stage throttle valve is located 1mmed1ately ghead .0of the
first or the suzxiliary- stage supercharger, and the second~
stage throttle. valve is. lgcated immediately ahead of the
carburetor. A bellows sens1t1ve to the—pressure at the

.- carburetor entrance operates a Ploatiﬁg piston through an

0il servomechanism,: . This piston operates both the first—
stage .and. tkhe second—stage throttle valves as follows:

~ .
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With® the plston-at the  bottom of its trevel, both valves
wounld. be closed. - At low altitudées; -the valve shead of
the: first—-stage supercharger-is-closed and the valve:
ahead of the. sscord eftage is regulating the pressure at.
. the carburetor' entrance.: 'As the'altitude -1s inersased,
the second-stage throttle valve opens’ and, 'when- 1% is
~wide open,. the:critical altitude:-of the sezond-stage su-
percharger is reached. “As thé albitude is further  in--
creased, tne first-stage valve starts to eoepen and, if the
first-stage supercharger is operating, the inwardly opening
interstage suction valve will automatically close as soon
as the pressure inside becomes greater then the pressure
outside. The next critical altitude is attained when~ the
first~stage valve is wide open. If the first-stage super-
charger is shifted to a higher speed the-first-stage
valve will partly close to kesp the.pressure at the carbu-
retor -entrance. &% the same:constaant value.

The presgsures ahead of & modern .aircraft carburetor
de mot have to be maintained at a constant wvalue to get
correet fuel metering because the carburetor contains aun-

- tomatic mixture control %o compensate for véariatioms-in
atr flow. Therefore, the second-stage throttle valve -
.ahead of the carburetor .can be -éliminated, and the pres-—

.sure -shead of: the carburetor will.-be-controelled by the
first—-stage ‘valve except when-tlie interstage valves are
open. Under these conditions the pressure at the carbu-
-retor entrance: will be governed by atmoSpheric gonditlons.

Automatic ccntrol, if desired, can'beuperformed on
the throttle valves themselves. Such.'an arrangement is -
diagrammatically ‘shown in figure 6, ‘in which.the cockpit
throttle control is connected to one end of a lever and
the automatic control 1s connected to the cther emd - the
carburetor throttle«itself being connected near the cen-
ter. Oreration-is axactly simildr to that of the ‘device
prev1ously described with thne exception that the control
is responsive .to and governs the- pressure after the carbu—
retor insteéad of Leforé . it,

13

From the point of view of the mechanic who has to
work on the aircrafi engine and Xkeep-.it.-in running condi-
tion everything should be made as simple as poseible; and
all automatic gadgets such as mixzxture controls, pressure
controls, angd tgmpexature ‘gontrols -showld be -entirely
ellminated. Aircraft engines were built dn this way 15
or 20 years ago,,and they might . sti}lrbe bu;ilt - in this
manner . if they Were. ot :so highly, superchar&ed. In the
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following, controls are necessgary.to govern and limit the
power of a highly supercharged engine: ,carburetor throt-
tleg, first—-stage supercharger-throttles, supercharger-—
speed control, and propeller-governcor control. All these
controls are simply -for the purpose of controlling engine
power and, if .the pilot had to operate each one by hagnd,
he would have little time left .to fly the airplane. Auto-
matic controls are practically essential on highly suyer*
charged engines. _ .

The ideal auvtomatic -control would be - a.combination
that eliminates 'all but one control for the pllot to
operate., Such- combined controls have been worked out,
and their action depends upon the kind of engine opera-
tion desired. ‘The cockplt quadrant should have two known
positions to start with: With the control lever all the
way back, the.engine should idle; and, with the control
lever all the way forward, the engine should run at its
meximum permissible power and speed. The various controls
can be combined 'in numerous ways to :sult the type of oper-
ation desired. The propeller~governor and automatic-
trottle controls can be tied together so thet the power
gradually increases owing to the increase in engine speed
and manifold pressure as the ‘control- lever is moved for-
ward. If a variable-~speed supercharger drive were used,
it mlght also be coordinated with the other controls.,

A few technical problems will have to be solved be~-
fore entirely combined engine controls can be made prac-
tlcable. It is probable, however, that they will be used
much more in the near future, particularly on highly ma-
neuverable airplanes that fly at high altitudes.

: A constant air temperature. is.necessary to maintain
constant engine power, although changes 'in power caused
by 'slight charnges in enginé-air temperature are nelther
.harmful nor 'noticeable as long as icing conditions are
avoided. For this reason: temperature control 1s uwsuvally
made manual and 1is performed by valves in the intercooler
cooling-air duct,

INSTALLATION PBOBLEMS

The installation of an engine.with a two~stage super-
charger may differ from that of an engine with a single-
stage supercharger only in that the rear eection 1s some-
what longer, reguiring longer engine Mmounts. Intercoolers
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may be needed, ‘ldwever, ‘4nd this 'requirement will bring
up some problems that are not encountereéd ‘in single-stage
instellations. It is rather difficult to inetall an en-
g€ine with a two-stsge supercharger 'in an airplane previ-
ously designed for an engine with a 51ng1e—stage super-
charger, 1f intercoolers are required.. Not only can =
.poor intercooler installation ruin the psrformance of the
engine, but it. can also ruin the performance of the air-
plane. The problems have besn worked out successfully in
_several instances, however, and 1%t is believed that in
the near future ®xperience in flight #nd in the wind
tunnel will solve some of the pProblems and bring forth
certain ruleés that will permit the airplane manufacturer
to install .engines with two—stage supperchargers with very
little more difficulty than with engines with single~stage
superchargers,

General Arrangement of Intercoolers and Ducts

There are several possible ways of interconnecting
the two stages of supercharging. If the first-stage su-
percharger has a single-outlét scroll, a single inter-
cooler would.be used and the installation would be some-
what like :that of the turbine-driven supercharger. The
engine air leaving the first—-stage supercharger is con-
nected by a duct to the 1ntercooler ‘and then connected by
another duct to the carburetor. Another arrangement more
commonly usesd with two-stage superchargers is the use of
two outléets from the first-stage supercharger and twvo
separate intercoolers. The first arrsngement may be
better for large airplane insteallations where the inter-
cooler is mounted at some distance from the engine. Nat-
urally a single intercocler has to have about twlce the
cublc capacity of each of theée dual intercoolers, and thus
& larger space must be found for it in the airplane. The
dual-intercooler inetallation hag been found more desir-
able by most airplané - manufacturérs, and this arrangement
is used in Pratt & Whitney engines with two-stage super—;
chargers.

An installation diagram for an engine with a twoe-
stage supercharger is shown in figure 7. 'The engine air
enters the first-stage supercharger from the outside,
passes the first-stegée throttle valvé, and enters the
first~-stage impeller. After compression, the air leaves
the first-stage supercharger from one or two outlets
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although only one outlet is shown for the sake of clarity.
The air then passes through the intercoolers and, 1f two
are uged, 1s merged ahead of the carburetor. When the
first-stage  surercharger 1¢ not running, air is taken
through the interstage inlet valve as shown on the diagram.
This ¥alve 1s lightly spring-loaded and closes Jjust as
soon as the préssure inside the duct is greater than the
atmospheric pressure. Beckfire valves should be installed
in this duct to prevent it from bursting in case of an.
engine backfire. . If there is danger of carburetor icing,
a preheater must be provided for the alr taken through the
interstage valves. No prensater 1is necessary ahead of the
first stage bscause the supercharger itself will do all
the heating necessary. It may be desiradble, however, to
provide in the duct leading ‘to the first stoge a spring-
loaded valve that will open to the engine compartment in
case the duct becomes clogged with snow.. L

Types of Intercooler

An intercooleér is a heat exchanger, and the name
"intercooler" was chosen because this heat exchanger was
interposed between two stages of compression. The name
now has come 1into wldespread aseronautlcal use as meaning
eny heat exchanger used for cooling the engine air, re~

Like radiators. intercoolers may be constructed in a
great many different ways, but so far most of them have
been made either out of tubes or out of sheet metal. The
tubular~-types intercooler 1s ususlly constructed so that
the engine air flows through the ingide of the tubes and
the cooling air over the outslde, although intercoolers
have been made inm which the reverse is true. The ends of
the tubes may either be expanded to a hexagonal shape so
that they negt together like & honeycomd, or the tubes
may be fastened in a header as in boiler conetruction.
Figure 8 shows an early tubular-type intercooler installa-
tion in which the sngine air flows over the outside of
the tubes, from the bottom to the top of the core.

The heat transfer from the engine air to the cooling
air ig through the walls of the tubes and, since the walls
are thin (usually less than 0.010 in.), the coefficient
of heat transfer of the tube material has little effect
upon the efficiency of the intercooler.
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Intercoolers made of sheet metal may codsist of al-
ternate layers of flat and corrugated sheets. Each sec-
tion of corrugated sheet may be calléd a tube, and the
intercooler is made up of alternateée cooling-air and
engine-air tubes. Part of the heat flow from thes engine
air to the cooling air is parallel to the surface of the
corrugated sheet, then through the bond between the cor—
rugated and the flat: snests, and into the cooling air.
The surface.of the corrugated sheet is called the indi-
rect cooling surface, while the surfacé: of the flat sheet
is called the direct cooling surface. The ratio of in-
direct to direct cooling surface may be 5:1 or 6:1. The
coefficient of heat trarnsfer ¢f the corrugated material
may have an appreciable effect on the efficiency of this
intercooler. ‘& sheet-metal intercooler installation of
early design made by the Harrison Radiator DlVlSion is
shown in figure 9.

Intercoolers are usually of the crodgs—flow type,
which means that the cooling air and the engine air do
not flow parallel tc each other. The cross-flow arrange-
ment is not the ideal way to bdPuild a heat exchanger be-
cause, since the kheat transfer depends upon the tempera-—
ture difference between the cooling air and the eangine
air, the heat flow 1s unegual throughout the intercooler.
The greatest temperature difference oécurs at the section
where both the cooling and the engine air merge as they
enter the intercooleri In a similar manner the least
heat flow occurs at the section where both the engine air
and the coollng alr leave the intercoolsr. More heat
transfer.per cubic -inch of intercooler would occur if the
engine air and-the céoling air flowed opposite and paral-
lel to egjlih other, bBut "in thizd - type of ‘construction it is
difficult  to.separate the cooling 'dair and thé engine air
as taey enter and 1eave the 1ntercooler.,

Up until, the present time construction of intercool-
ers has tended toe follow the method used in automobile ra-
diator pragtice. The material used is either copper or
brass dipped in solder. Copper and solder construction is
very heavy, and 1% has only been the Yack of demand, or poB-—
sibly the lack of initiative on the part of the intercool-
er manufacturers, that has delayed the development and .the
adaptation of lighter constriction. The weight of an inter-
cooler made of aluminum, for example. shonld be less than
half the weight of one made ' of copper.' The difficulties
in aluminum construction have been due to a lack of a satis-
factory solder and to the difficulty of welding very thin
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surfaces. It may also be possible to develop intercool-
ers made of steel as well as of aluminum,

An intercooler is chosen from certain specifications
that are set forth by both the ailrplane and the engine
"menufacturer. ' The engine manufacturer specifies the
‘engine air flow, the guantity, the temperature, and the
pressure; and the airplane manufacturer specifies the
cooling-air conditlons avallabdle in flight. The data nec—
essary %o enable one to choose an intercooler for a par-
ticular installation are as follows:

Rate of.engine—air.flow

Engine—~alr temperature and pressure entering
the intercooler .

Maximum allowable sngine-—air temperature
leaving the intercooler

Maximum pressure drop allowed through the
intercooler

Altitude
Gooling;aii_temperatufe“

Cooling-air pressure drop available across
the intercooler

If the intercooler manufacturer is given this data.
he should be.able.ioc specify the dimensions and the
weight of the- intercOQlers that will do the b. Bxper-
ience has shown, however., that only an uhusull installa-
tion will permit the: ;intercoolers to perform as expected.
It therefore pays to. be somewhat cdonservative and esti-
mate a somewhat larger size rather than to try to keep
the intercoolers just as small as possible. TFor example,
to be very safe- 1t is best to choose a cooling-air temper-
ature -8t least 45°% .F above. standard to take care of hot-
weather flying, temperature rise due to asdiabatic compres—
sion in the cooling—air duect, and perhaps some radiation
or spillage of cooling air. from the engine. The 1inter-
cooler should not -be so .large as to entail considerable
extra weight to take care of some infrequent condition
when this cohdition cannot cause damage to the engine.
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It is current practice to choose an. intercooler that
will permit an engine. to deliver its rated power with
atmospheric temperatures about 20° F higher than standard
and with a pressure drop equivalent to 8 inches of water
at sea level. Under certain conditions intercoolers
chosen on this basis would be too small, because at high
altitudes the élimbing speeds would have to be very high
to permit the attainment of this pressure drop after the
duct losses are considered. The engine manufacturer must
be careful that the operating condltions which he speci-
fies are the hardest ones for the intercooler to meet.
The severest conditions do not necessarily occur at the
critical altitude: and the highest impeller speed dbut may
occur at the altitude where any impeller speed gear ratio
1s first engaged ‘because the atmospheric temperature 1is
higher at this.point and the temperajure rise through the
supercharger 1s approximately the same-as at the critical
altitude,: It must always be remembered that the inter-
cooler.discharge tempsrature should not be allowed to rurn
so high that. the engine will detonate.

The choice of an intercooler is always a compromlse
between engine performance and weight, and the final an-
swer is obtalned from experience galned in actual fllght
tests. - . :

Position of Interccolers

The pOsition selected for the 1ntercoolere depends
entirely on the alrplans. One of the early Navy two=-
stage supercharger installations is showan in flgure 10.
In this cage, the. engine—air ducts connect %o-a doubdble
intercooler-hung beneath the. engine. There are really
two intercoolers-in this installation, although theilr
outlet ends are connected to save space., - Sinee these
intercoolers hung entirely outside the-airplane, they
probably caused a considerable increaee in drag.

If a downdraft carburetor 1s used, the intercoclere
will normally be -Aisposed above the center line and, if
an updraft carburetor 'is used, the- intercgcoolers will nor-
mally be disposed below the center line. -

Some airplanes have wings thick enough to accommodate
the intercoolers inside the winge If this is not the case,
the intercooclers should be enclosed in the engine nacselle
or the fuselags to Teduce drag. to = minimum. Figure 11
shows an airplane in-which the intercoolers are enclosed
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on.- either side of the engine below 1its center line, and
the. cooling air for these intercoolere is obtained at the
leading edge of the nose cowl. Figure 12 shows another
installation on which the cooling air for the intercooclers

is taken through short scoops.

Intercooler Ducts

The purpose of the engine-air ducts is $o conduct’
compressed air to and from the intercoolers with minimum
pressure loes and also -to distribute the air evenly to the
intercoolers so that they are used to their full advantage.
It is generally gcod practice to keep the air velocity in
the englne~air ducts below 150 feset per aecondq although
this value may be exceeded in straight runs. 'If the ve-
locity is kept low, losses due to changes in direction
are not so serious. The losses in a -duct may be caused
by too sudden changes in direction, too rapid chenges in
area, and irregularities in the walls. It has been found
from experience that 1t 1s not difflcult to keep the total
losses between the filrst-stage ocutlet and the carburetor
inlet to less than 14 inches of mercury.

It is desirable to put vanes in sharp bends to reduce
velocity losses and to lmprove distridution, particularly
when these bends are close to the interccoler. When the
vanes are installed mainly to obtain good distribution
over the interecoler face. ‘they should be spaced not more
than 1 inch apart.. ‘ :

The ducts connecting the intercoolers with the engine
muet be heavy enough to withstand vibration and backfiring.
Flexible connectiong should be used &t frequent intservals
in the ducts,:and it 1s essential that flexible connec-
tions be used In the engine-air ducts immediately before
and after the intercoolers. These connections will pre-
vent vibration of the ducts from being transmitted to the
intercoolers. Molded neoprene boots strengthened with
fabric have besn found satisfactory for these connections.
It is 'advisablé, although expensive, to mold a bead on
the edges of the boots %o prevent internel pressures from
purlling the ends out from under the hose clamps. Where
extreme flexibility is desired, & bellows sectlion mey be
molded in the- connection. =

The equivalent free-passage area of intercoolers may
be between 15 percent and 55 percent of their frontal area,
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The entrance of the cooling-air duct may therefore be
.quite.small gnd still take all the cooling air possible.
The entrance must be located in such a position that the
maximum dynamic head'is .available both in level flight
and in climb, Passages leading from the entrance to the
intercooler must be as straight as possible with gradual
expansion.to convert dyndmic head into pressure head with
the least turbulence. It is 'good practice not to make the
included angle of the duct walls greater than 10°., These
ducts are usually part of the airplane structure and
their position should bPe considered during the initial
design stages of the airplane,

Intercooler Mounting

The sturdiest intercooler is usually a very flimsy
affair, because it is made of thin material, and has to
be .very carefully supported. Any bracket soldered or fas-
teried to part of the intercooler core is likely to crack
the core. If the intercoolers are made with integral
engine-ailr ducts, it 1s usually preferable to make the
supports on the ducts rather than on the intercooler.
Intercoolers are nowadays usually made with flanges that
can, be bolted to the engine—~air ducts and, if these
flenges -are st.iff enough, they may be used to support the
intercooler. If the intercoolers are mounted directliy on
the engine .they are likely to shake off because of engine
vibration, so, that it is usuaslly desiradle to mount the

intercoolers on the airplane structure.

_BacEfire Valves

High ﬁressure may be &eveloped in the engine-sair duct
ahead of the carburetor becausse of backfire. - With updraft
carburetor 'installations, fuel may spilll into the duct, giv-~
ing an explosive mixture, that may also cause high pressure
and will cause a fire, if. ignited. Ignition of this fuel
may be prevented by installing a suitable flame trap in
the system.. Engine backfires may develop pressures as
high as 150 pounds per square.inch, and it is impractical
to design the d&uct heavy enough to withstand this pressurs,
Backfire valves should 'therefore be. installed near the
carburetor; these valves, when  blown open, will discharge
ocutside the engine cowling. A diagram of the backfire
valve used in Pratt & Whitney engines-is shown in figure
13. It consists of a movable cup sliding over a fixed
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piston.  The chamber inside the cup is connected by a

small hole to the éngine~air duct so that this chamber is
always at the same preéssure as that in the engine-air duct.
Thus the valve may be kept in position with a light spring
regardless of the difference betwesn the internal and the
external pregsurse. In case of & sudden backfire the Tapid
increase in pressure cannot be transmitted through the
small hole guickly enough to egualize the pressure inside
the chamber, and therefore the cup is bIlown open and the
pressure inside the duct 1s releassd. :

PERFORMANCE OF ENGINES EQUIPPED WITH

A TWO-STAGE SUFERCHARGER

The. performance of a hypothetical engine equipped
with a two~stage supercharger is shown in figure 14. The
supercharger. chosen for i1llustration is one with separated
stages where the first-stage impeller has two spselds and
a neutral position and the second-stage impeller opiérates
at a flxed speed. The same general form of curve would.
be .obtained from a cascade type.of supercharger operating
with a three-speed drive. The supercharger has. antomatic
control maintaining a constant preselected manifold pres-
sure below the critical altitude at each condition. Three
sets of curves are shown: The upper one is for g maximum
power rating sometimes called military power; the middle
one 18 for rated power; and the lower curve is for cruis~
ing power. The engine operates with its second stage only
from points 1.0 3. From points 3 to 6 the first stage
ls operating at low speed, and from points 5 te 7 the
firet stage is operating at high speed. Point 2 41s tlhe
critical altitude with only the second-~stage supercharger,
Point 4 is the critical sltitude for the first stage in
low speed, and point 6 is the critical altitude for the
first stage in high speed., Between points 1 and 2 the
engine is taking its air from the interstage suction
valves and the power will increase because of the decrease
in both carburetor-air temperature and exhaust back pres-
sure. At altitudes above point 3, the sir from the first
stage is intercooled but, between points 3 and 6, a change
in atmospheric temperature:will'give about the same change
in carburetor-air temperaturei Thus, the power will also
~increase between points 3 and 4 ahd points 5 and 6 owing
to the decrease in carburetof-air ‘temperature and exhaust
back pressure, . .. I [ .o TETeT e
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The dotted line passing through points 2, 4, and 6
shows the performance when thne engine is squipped with a
variable—-spesd drive for the first stage. Thus, the tri-
angles below the dotted lines represent the saving in
power that would be possible. The slope of the dotted
line represents the net loss in éngine power due to the
power required to drive the superchargera

The-critical altitude of an engine with a two~-stage
supercharger, as. of one with a single-stage supercharger,
depends entirely upon the rating selected. It is obvious
that the lower the power or the manifold pressure chosen
for a glven supercharger speed, the higher the critical
altitude is going to be. It is-also obvious that the
higher the supercharger speed, as determined by the engine
speed, the higher the critical altitude will be. The su-
percharger takps - 1ot of powsr to drive ‘it; and the
higher the supercharger speed, the less the brake horse-
power left for driving the propeller. The high-speed
supercharger also requires more intercooling, which re-
sults in increased drag, and thus the'problem of select-
ing & rating becomes very complex, The engine rating can
then be chosen only after careful consideration of sll
factors. The gsea-level rating of the engine being known,
the altitude rating may be a matter of ‘selecting the alti-
tude at which the maximum airplane performance is re-
gquired; and the engine power at altitude will be the sea-
level power. minus approximatély the additlonal power re-
quired for superdharging.

Afterithe-alxitude performance has been selected,
some means muset ‘be provided for maintaining this gltitude
performance.: Thlsg performance is usually maintained by
means of:an automatic pressure control, as previously de~-
scribed.  This’.control can operate to maintain constant
pressure- in some part of the induction system after the
first-stage supercharger. If the ‘engine speed remains
constant, this operation will result in a more or less
constant manifold pressure.and constant indicated horse-
power, Actually, since.the device 18 a pressure control
and not a density control, changes in atmospheric temper-
ature will cause changes. in engine horsepower. This con-
dition 'is not serious because, 'although =& slightly lower
temperature wlll cause some increasse in enginé power,
this temperature may be beneficial in that the_tendency
for engine detonation is reduced. Thus, the two 'effects
will tend to counteract each otHher for the -temperature
range actually experienced &%t any-fixed altitude,
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FLIGHET TESTING AND OFPERATION

The actual performance of a two-stage supercharger
can be determined on a dynamometer stand equipped with
means of producing altitude conditions at ths inlet and
the exhaust., - The performance can be determined also in
flight by means of a torgque meter for measuring power.

The performance in flight is usually found to differ con-
siderably from the performance on the dyndmometer stand,
but the cause of these differences cen gometimes be deter-
mined. In flight there may be enough ram produced in the
supercharger entrance to -give 2000 or 3000 feet more crit-
ical altitnude. The difference in the exhaust back pres-
sure' produced by a collector will also tend to change the
- performance slightly. The difference between cooling the

cylinders and the induction system on the stand and in
flight will also cause some difference in the performance.
It is very difficult to measure true pressures and temper-
atures in air ducts, particularly those in which the air
is more or less turdbulent.  Owing to the high over—all
compression ratio of the two-stage supercharger, very
slight changes ‘in the inlet  system can produce quite
marked chaenges in manifold® ddnsity and resulting perform-
_ance., Thus, & comparisoh ‘between dynamometer and flight
operation can néver be extremely accurate.

Flight tests are unsually made to determine airplane
performance and. flight characteristics. Engine perform-
ance 1s usually obtained only to insure that the airplane
performance 1is truly representative. Too frequently there
1s not enough time  to make & thorough investigation of
engine -performance, and the lack of information has been
a handicap to both engine and airplane manufacturers. If
two experimental mirplanes could be -built at once, it would
be a great advantsage to use one for: éngine~performance
tests and the other for airplane—perfbrmance tests.

The 0parat1bn of ‘an engine with a two—~stage super-
charger in flight is essentially no different from that of
an- engine with & single-stage supercharger. It is necoes-
sary, however, ‘to" obtain a great degl more information
during initial flight tests of a new model because the
engine- performance is influenced to & great extent by the
~installation 1tself, It ia: necessary to know whether or
not satisfactory ‘intercoeling 4s obtained, what the duct
losses a&re, and whether the automatic controls are func-
tioning properly.”  In order ‘to ‘obtain this information,
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pressures and temperatures throughout the induction system
must be obtained; the diagram in figure 15 gives the loca-
tion for these test measurements. . Thsrmocouples connected
to a2 selective switch and a potentiometer may be used for
obtalining temperatures. Dhe static pressures throughout
the system may be obtained by fastening fittings contailn-
ing a No. 50 drill-size hole flush with the inside of the
ducts to a bank of valves in the cockpit. Toital pressures
may also be obtained from carefully located impact tubes
if the extra work required is warranted. A sensiltive
manifold pressure gage may be used for reading the pres-—
sures. The pressures that are read may -not be very accu—
rate because of the turbulence existing in the ducts, bYut
they will be satisfactory for all practical purposes and
will indicate whether or not the supercharger and controls
are functioning properly. In order to obtain accurate
meastrements,: total pressures would have to be taken in
places where all turbulsnce had died out, which can only
be done by using straight sectlons ahead of the points of
measurement,

First flights for engine performance should “be made
to familiarize the- piilot with the operatioh.of the engine
and to determine whether or 16t the installation is func-
tioning properly. 'The next step is to determine the crit-
ical altitudes at the varlioius engine ratings and this de—
termination can be made by making short, level-flight
runs at several altitudes at each supercharger speed.
After three or -four pointg are.obtained délow ard above
the approximate criticgl altitude for each speed, the
exact critical altitude. can be found by prdjecting the cor-
rected curves through these points. Inasmuch as the
critical altitudes are eatirely determined by the setting
of the automatic controls, the controls. can be reset if
they differ too much from the -desired values. If atmos-—
pheric conditions .differ much from. standard (which ig the
usual case), corrections to both the supercharger and the
engine performance must be made before the true critical
altitudes can be determined.

Further flight-testing in both c¢limd .and level flight
is required to obtain a complete picture of the engine
performance and to determine whether or not the engine
cooling and intercooling are satisfactory. It is advan-
tageous to make check runs on days with different temper—
ature conditions to 1nsure that the installation will cool
in hot weathsr. .
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All of this flight-testing 1s expensive and uses up
valuable time, fregrently .delaying the- &ellvery of the air-
plane. Experience has, shown, however, that it must De
done eventuslly; -so,. where the saving of time is of primary
‘importance, more than ¢ne experimental airplane should al-
ways be built.

During the last few years, mich progress has been
made in two-stage supercharging both for the mechanical
and turbine drive types. The U. S. Navy, realizing the
possibility of two-stage superchargers several. years ago,
has spohsored-a great amount of development and flight-
testing since that time. Photographs of two of the most
recent Navy alrplanes with two-stage superchargers are
shown in figures 16 and 17. Comparing these photographs
with thoee shown in figures 10, 11, and 12 illustrates
the progress made in'two—stage,engine'installations.

CONCLUSIONS AND RECOMMENDATIONS

1. It will De seen from the foregolng discussion
that the two-stage mechanically driven supercharger itself
‘'is a comparatively simple device; and it is only the addi-
tion of intercoolers and controls that makes its installa-—
tion any more difficult or complicated than that of a
single-stage supercharger. .These parts are usually added
more "fully to utilize the available performance of thse
two-stage supercharger. The installation of intercoolers
and ducts is not 4difficult, provided that 1t is based upon
flight—-test experience,

“ 2. The relative advantages of sxhgaust turbdine—driven
and mechanically driven superchargers should be determined
in several types of modern high-speed airplanes. Two of
each type of alrplane should be obtained, one squipped
with an exhaust-driven anéd the other with a mechanically
driven supercharger. The engines, the supercharger com-
pressors themselves and their insgtmllation, including in-
tercoolers, should be as nearly alike as possible. The
available erergy from the turbine and engine exhaust
should be used to practical advantage in each cass.

3. Supercharginé reguirements are increéeasing at such
a rapid rate that the single-stage compressor will soon
fell to meet the demand for many types of-flying. Although
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supercharger research should increase the performance of
the slingle~stage compressor, radical changes with perhaps
an entirely different form of supercharger would be re-
quired to eliminate the necessity for two-stage centrifu-
gal supercharging. Two-stage supercharging in 1ts pres-
ent form must therefore be given serious consideration
for most types of airplane if the present trend of engine
rerformance is continued,

Pratt & Whitney Aircraft,
East Hartford, Conn., September 15, 1940.
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Figure 8 - Installation of a tubular sype of interoooler.

Figure 8.- Installation of a shest metal typs of intercooler.
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Figure 10.- Navy Vought XF3U-1 airplane with
a two-stage supercharged engilne.
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Figs. 11,13

Figure 11.- ¥avy Douglas XFD-l airplane with a two-stage
supercharged engine.

Figure 13.-
Installation
of a two-stage
superohargsl
engline in Havy
Douglas XTBD-1
alirplane.
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Figure 16.— Navy Grumman XF4F-3 airplane.
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Tigure 17.- Navy Vought XF4U-1 airplane.
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